␣-Aminoisobutyric acid (AIB) is a nonmetabolized amino acid analogue of alanine, which at low (M) concentrations acts as a tracer for amino acid movements. At high concentrations (mM), it competitively inhibits membrane transport and metabolism of protein amino acids and acts as a systemic translocated inhibitor of mycelial extension in fungi. AIB can control mycelial spread of the basidiomycete Serpula lacrymans, the cause of brown rot of wood in buildings. However, it is not known how effectively the inhibitor is distributed throughout the mycelium. Realistically heterogeneous microcosms, in which the fungus grew across nutritionally inert sand to colonize discrete wood resources, were used to investigate patterns of inhibition and translocation following local application of AIB. At a 0.1 M concentration, locally applied AIB caused immediate arrest of extension throughout the whole mycelium, maintained for a 6-week experimental period 
Serpula lacrymans, a devastating destroyer of construction timber (4, 26, 32) , originated as a forest floor saprotroph (20) and diverged within the Boletales clade by evolving relatively recently to exploit the building environment (20) . Once established from a spore infection in a wood food base (28) , foraging mycelium spreads over surrounding masonry to attack further timber food sources (4) . The capacity for exceptionally aggressive spread distinguishes S. lacrymans decay (26) from the more easily controlled decay of timber in buildings caused by its close relative Coniophora puteana, known as the cellar fungus.
The cord-forming mode of growth of many woodland basidiomycete fungi, including S. lacrymans, is seen as a developmental adaptation to a spatially heterogeneous carbon and mineral nutrient environment (3, 25, 41) . Figure 1 shows the hyphal differentiation that occurs during formation of S. lacrymans cords.
Cords develop dynamically and responsively as nutrient channels in a transport network that supplies growing regions from spatially separate sources encountered stochastically by the foraging mycelium (11) . Cords are insulated from their immediate environment by hydrophobic surfaces (30) . Within them, mass flow of a variety of nutrients (16) occurs in response to changing supply and demand in different regions of the network. While uptake is initially into cytoplasm, for longdistance mass flow in cords there must be transfers between cytoplasm and the mass flow compartment. Cords develop in S. lacrymans when part of the mycelium colonizes a new wood carbon source and under nitrogen limitation (40) . They form behind the advancing mycelial margin as secondarily formed longitudinal aggregates of hyphae (27) centered on aseptate "vessel hyphae" (9) which are wide and relatively empty of contents. In cords imaged at various stages of development by scanning electron microscopy (15) , the component hyphae become embedded in an extracellular matrix and constrained by an outer rind of fibers. There are apparently empty channels running through mature cords. The functions of these different tissues are poorly understood (5) .
␣-Aminoisobutyric acid (AIB) is a nonprotein amino acid that is taken up actively by cell membrane amino acid transporters (29) , and in fungi, including S. lacrymans, it accumulates in the mycelial free amino acid pool (39) and is translocated through the mycelium (23, 31, 39) . AIB occurs in nature as a component of peptaibol antibiotics (12) exuded by soil microfungi. It is degraded by soil bacteria (1) but has not been reported to be metabolized by eukaryotes. At concentrations of Ͼ0.01 M in agar media, AIB inhibits mycelial extension in all basidiomycete species tested (8) , and inhibition of S. lacrymans extension from wood through masonry was maintained for a 7-month experimental period (7) . AIB competitively inhibits amino acid uptake and incorporation in S. lacrymans (39) and alters normal mycelial development by slowing or arresting the apical extension of hyphae, increasing lateral branching.
Because AIB is translocated bidirectionally in mycelial cords (39) , it can affect mycelial extension at a distance from the point of uptake (7, 40) . It is believed to displace protein amino acids from the mobile free amino acid pool (39), which acts both as a storage (21, 22, 37) and as a transport (6) compartment for nitrogen. It thus targets the unique adaptations of wood decay basidiomycetes to conserve nitrogen (22) in their nitrogen-limited, spatially discontinuous nutrient environment (41) .
AIB acts as a systemic translocated inhibitor of mycelial growth of S. lacrymans from infected timber through masonry and over wood (7) . It might therefore be applied for remedial treatment of decay in buildings, where local application to any accessible living mycelium might inhibit the spread of connected mycelium that is rendered inaccessible to direct treatment, for example, by being embedded in the building structure. To validate such treatment, it is necessary to establish that AIB, added at a single point, reaches the entire network.
At subtoxic concentrations (Ͻ10 Ϫ5 M), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]AIB ([ 14 C]AIB) acts as a radiolabeled tracer of amino acid translocation (2, 33, 34, 36) . The novel technique of photon-counting scintillation imaging (PCSI) (2) can map the direction and velocity of movement of radiolabeled compounds at high spatial and temporal resolutions in real time (2, 33, 34) . Coupled with the use of realistic microcosms to reproduce the spatial discontinuities and long time scales of the normal habitat (3, 35) , PCSI with nonmetabolized nutrient analogues has been used to demonstrate the remarkably rapid, responsive, and coordinated nutrient flow that occurs in the transport networks (11) of several cord-forming basidiomycetes during foraging growth (33, 41) . This real-time imaging technique, which records dynamic changes in the two-dimensional distribution of a radioisotope, was highly appropriate to determine whether a single AIB application to one site on an exposed mycelium of S. lacrymans can inhibit the whole mycelium and to estimate the rate at which inhibitory amounts of AIB could be translocated to sites of growth. Furthermore, when used in conjunction with harvest to quantify [ 14 C]AIB allocation, PCSI can determine whether colonization of fresh wood at a localized site in the mycelium induces import of amino acid.
The aims of this work were twofold: to investigate the speed and extent of AIB inhibition following application of a high concentration at a single site in the mycelial network and to test the prediction that amino acid translocation, tracked by the use of [
14 C]AIB at subtoxic levels, is preferentially targeted to sites of active growth and wood colonization.
MATERIALS AND METHODS
Culture. S. lacrymans (Wulf.) ex Schroet., isolate S7 (Bundesanstalt für Materialforschung und -prüfung, Berlin, Germany), was maintained in petri dishes on malt agar (4% Oxoid malt extract, 2% Oxoid no. 3 agar) at 22 Ϯ 1°C in the dark in a temperature-controlled incubator (Gallenkamp, England).
Experimental microcosms. Autoclaved 1-cm 3 Pinus sylvestris sapwood blocks were colonized by S. lacrymans mycelium growing on malt agar for 30 to 60 days before transfer to a microcosm plate. Sand microcosm plates were 22-by 22-cm square Sterilin dishes containing 500 g of a 4:1 mixture of compacted black sand (Monro-Goundrey, United Kingdom) with acid-washed sand (VWR International Ltd., United Kingdom), evenly moistened with 80 ml deionized water. Black sand was necessary to make the white mycelium visible but was slightly hydrophobic, necessitating mixing with acid-washed sand to make a suitable growing surface for mycelium. Plates were inoculated with either one or two precolonized wood blocks and incubated in darkness at 22°C in polyethylene bags to maintain a high relative humidity. In some experiments, a new sterile wood block was added at a distance from the inoculated blocks to be colonized by the growing cultures during imaging.
Two microcosm arrangements were set up. The first microcosms ( Fig. 2 and 3 ) were designed to test the effect and translocation of AIB following a single localized application at the margin of a complex network formed from the fusion of two clonal individuals grown from separate inoculum blocks. A single application, of either AIB or [ 14 C]AIB, was made at a single point on the margin, as described below.
The second microcosm arrangement (Fig. 4) Inhibitory AIB treatment. In experiments for inducing inhibition, 30 mol (given as 300 l) of 0.1 M AIB (Sigma, United Kingdom) solution was infiltrated into a filter paper disk placed in contact with the mycelium. This allowed the relatively large volumes of AIB solution used in inhibition experiments to be maintained in contact with the hyphae while preventing percolation into the underlying sand.
PCSI. Imaging of [ 14 C]AIB was done using a high-resolution photon-counting camera system (HRPCS-3; Photek Inc. St. Leonards-on-Sea, United Kingdom) as described previously (33) . [ to accommodate wood blocks. Where wood block inocula were also imaged ( Fig.  4 ), the rectangular screen cutout was placed on top of the block. The microcosms were then placed in the camera box and imaged continuously for up to 500 h with a 35-mm 1:1.4 Hama HR 0.5ϫ lens (Nikon, Japan). The resulting sequence file was then analyzed using IFS32 imaging software (Photek Inc., United Kingdom), allowing for user-defined integration with images integrated over 60 min for video display and 6 or 12 h for static pictures. The signals from [ ]AIB taken up that had been reallocated from the loading site into cords and fresh wood resources. After 6 weeks, different fractions of the microcosm plate were harvested. Fractions consisted of each of either two or three wood blocks, including the original inoculum and another fresh wood block(s); the mycelial cords growing over the sand between and beyond them; and samples of the sand mycelium (microcosms 1A to C and 2A to C) ( Table 1) . For the sand mycelium, 10 random 1-g samples of sand were collected. Each fraction was extracted in boiling 90% ethanol and [ 14 C]AIB assayed by liquid scintillation counting of extracts. One-milliliter aliquots were pipetted directly into 4 ml OptiPhase Hisafe 3 scintillant (Fisher, United Kingdom), vortexed to mix, and counted with a Beckman LS1801 ␤ spectrometer (Beckman Instruments Inc.). Partitioning of [ 14 C]AIB between mycelial cords, wood blocks, and the sand mycelium was calculated in picomoles ( Table 1 ). The [ 14 C]AIB amount in the sand mycelium (as well as the total) is given only as an estimate due to the fact that data for the whole dish were extrapolated from the 10 random sand measurements. The aim of this analysis, complementary to the PCSI imaging, was to investigate and determine the partitioning of [ 14 C]AIB between the inocula, the new wood blocks, and the remaining visible cords at the end of the experiment rather than to quantify the amount of the radiolabel in the sand. Three separate replicates were analyzed for each of the two types of microcosm described above.
RESULTS
Widespread fungal growth inhibition following local application of AIB. At high concentrations, AIB solution produced a rapid and widespread effect. A single local application of 30 mol of AIB to the margin of a complex, fused mycelial network resulted in almost complete arrest of extension throughout the entire system, maintained throughout the 6-week experimental period ( Fig. 2A to C) . The more distant parts of the mycelium were equally affected, showing that inhibition was propagated irrespective of the relative positions of resources or (Fig. 2D and E) , both colonies continued to extend throughout the 6-week period. Mycelial cord development was disrupted by AIB treatment, resulting in a tight reticulate network (Fig. 2C ) in place of normal radial cord development (Fig. 2F) . (Fig. 3A) , [ 14 C]AIB was immediately taken up from the filter paper and distributed throughout the system (see Video S1 in the supplemental material). Within 6 h, the signal increased in the mycelium (M1) and the first wood inoculum block (B1) (Fig.  3B) . Accumulation of [ 14 C]AIB increased in these regions in the following 30 h (Fig. 3C and F) , with some spread through the neighboring cords and a significant decrease in the loading site. By 60 h, signal had become concentrated along the margin of the entire system (Fig. 3D) . By the end of recording, at C]AIB drop was still present), was then covered with a scintillation screen and imaged during further growth of mycelium and capture of the fresh wood resource (Fig. 3B to E) . In all pictures, the photon signal was integrated over 12 h. Letters denote the inoculum loading site (I) and the new wood block (NW); time following loading is given in pictures; the scale bar is 10 mm. The relative redistribution of the label following localized resource capture is shown along the three chosen cords, indicated by dotted white lines (D). Panel F shows changes in distribution of [ 14 C]AIB along cords 1, 2, and 3 during the imaging period. Cord 2 developed to connect the original inoculum with the fresh resource, which accumulated [ 14 C]AIB (marked with a star), while the other two (cords 1 and 3) were not directly connected to it. In the x-t diagram, generated from images B to E in Video S2 in the supplemental material, the relative intensity of the signal elicited by the presence of [ 14 C]AIB is shown as it changed along the length of each of the three selected cords simultaneously. The cords are represented by the three parallel columns, and time is shown vertically from top to bottom, representing the 390-h recording period of Video S2 in the supplemental material. In the columns corresponding to the three selected cords, the x dimension is shown oriented outwards from the inoculum block toward the mycelial margin. ]AIB had accumulated in the second inoculum and the associated cords and nearby margin, while signal from the first inoculum was diminished ( Fig. 3E and F) .
Hourly integration of the signal in the area close to the loading site showed that [ 14 C]AIB was initially imported at a rate of at least 0.024 pmol h Ϫ1 (Fig. 3F, M1 ). The signal from this area subsequently declined at a similar rate, coinciding with redistribution of [ 14 C]AIB throughout the network. Measurement of different regions of the colony also showed dynamic redistribution of [ 14 C]AIB with transient accumulations in different areas, such as the growing margins (Fig. 3F , curve M2) and the wood block inocula (compare Fig. 3D and E with curves B1 and B2 in Fig. 3F) .
AIB dynamics in response to carbon resource capture. To test whether AIB would be preferentially redistributed from the mycelium to a newly captured wood resource, the fungus was allowed to grow on sand toward a new wood block (Fig.  4A ) before being loaded with [ 14 C]AIB through the inoculum and imaged over time ( Fig. 4B to E ; also see Video S2 in the supplemental material).
Within 1 to 2 h after the inoculum was loaded, [ 14 C]AIB appeared throughout the mycelium, rapidly reaching the margin (see Video S2 in the supplemental material). Detectable signal advanced along cords with a velocity of up to 13 mm h Ϫ1 (cord 3). [ 14 C]AIB then accumulated in cords and the growing margin for up to 100 h ( Fig. 4C ; also see Video S2 in the supplemental material) before being slowly removed from those sites ( Fig. 4D ; also see Video S2 in the supplemental material). Finally, by 390 h, a strong [
14 C]AIB signal had appeared at the surface of the newly colonized wood ( Fig. 4E ; also see Video S2 in the supplemental material).
The x-t analysis whose results are shown in Fig. 4F is based on PCSI from Video S2 in the supplemental material and shows the dynamics of [ 14 C]AIB within a growing mycelium (photographed in Fig. 4A ) as it captured and colonized a new wood block placed in the path of mycelial advance. Three cords were selected for analysis (Fig. 4D) . These cords were chosen to compare the [ 14 C]AIB dynamics of the region of the mycelium that became connected to the fresh resource and two other regions that did not. At 12 h, the x-t diagram was consistent with the [ 14 C]AIB distribution shown in Fig. 4B . The selected cords all showed detectable signals, with the lowest signal in cord 2, which later connected the inoculum and fresh wood blocks. By 100 h, [ 14 C]AIB had accumulated at the marginal mycelium supplied by all three cords, as shown by the darkened region on the right hand side of each column, and the root of each cord at the inoculum where [ 14 C]AIB was loaded also appears darker than the main length of each cord, perhaps reflecting continued uptake of radiolabel.
At 230 h, the marginal mycelium had reached the fresh wood block and begun to colonize it. The changes in signal pattern that occurred in the period between 230 h and 390 h indicate the redistribution of [
14 C]AIB that followed this colonization event. The first noticeable change was in the marginal mycelium beyond the fresh block, seen as a new, darkened region on the right of the x-t column representing cord 2. This area shifted toward the right with time, showing that a marginal mycelium that had accumulated large amounts of [ 14 C]AIB continued to grow radially away from the center and, indeed, appeared to accelerate, as shown by the diagonal slope of this region of the column, not seen in any of the cords at 100 h. Comparison of Fig. 4D and E shows that the mycelium ex- 14 C]AIB was withdrawn from throughout the mycelium immediately following colonization of the fresh wood block and simultaneously imported into wood and/or mycelium at the colonization site.
To test the extent of [ 14 C]AIB reallocation and accumulation during capture of a new carbon source, imaging by PCSI was combined with final liquid scintillation counting of microcosm fractions at the end of the 6-week experimental period. In Table 1, row 1 shows [ 14 C]AIB partitioning in a microcosm where a wood block was added to a single colony (microcosms 1A to C) and row 2 shows a more realistic complex network resulting from fusion of adjacent mycelia (microcosms 2A to C). Table 1 gives the amount in picomoles of radiolabel recovered at the end of each experiment in each fraction for three replicate microcosms of each type.
In both types of microcosms, at harvest the freshly captured block contained significantly more [
14 C]AIB than the inoculum block, which had been the original site of [ 14 C]AIB addition. Very little [
14 C]AIB was retained in the loaded inocula, suggesting a considerable translocation of the inhibitor to other places in the colony. This is confirmed by the presence of [ 14 C]AIB in cords formed during the 6 weeks after loading.
In microcosm 1, the relative values of [ 14 C]AIB distribution agreed remarkably well between replicate microcosms, with a threefold increase in fresh wood in comparison to the level in the inoculum block where [ 14 C]AIB was applied. About 1.5 times more [ 14 C]AIB was retained in the corded mycelium overlying the sand than in the new wood.
In the more complex network of microcosm 2, again [ 14 C]AIB was preferentially allocated to the fresh wood block after transient accumulation in the first one (Table 1 , row 2). In one microcosm (Fig. 3B) , the advancing mycelium grew past the fresh block and did not colonize it. Here, most of the [ 14 C]AIB held within cords and wood was allocated to the second block, which thus appeared to act as a transfer point from which [
14 C]AIB would probably be exported if a further resource were colonized. In both microcosm types, significant amounts of [
14 C]AIB were contained in the visible cords. The rest remained in the surrounding sand. It was not possible to separate uncorded diffuse mycelium from sand particles for analysis by scintillation counting. The [
14 C]AIB estimated to remain in the sand-plus-mycelium fraction includes that concentrated in the mycelial margins, as shown in Fig. 4 , and any [ 14 C]AIB released by the mycelial autolysis that accompanies remodeling of initial growth into the corded network (40) .
The schematic diagram in Fig. 5 summarizes the results of the experiments described above to show the dynamics of AIB following uptake. Widespread translocation followed within 1 to 2 h, with selective distribution to mycelial margins and new resources through cords initiated by 12 h, accompanied by arrest of further extension, which was maintained throughout an experimental period of 6 weeks.
DISCUSSION
Locally applied 0.1 M AIB exerted a durable inhibitory effect throughout the entire complex network of Serpula lacrymans. Growth was evenly arrested round the entire margin, indicating that locally applied AIB was rapidly distributed from the application site throughout the network, irrespective of the relative positions of food sources and growing regions. PCSI in parallel systems revealed the underlying dynamics of [ 14 C]AIB translocation. The pattern was similar to those previously seen in other cord-forming fungi. Bidirectional transport, both toward and away from the original direction of growth, occurred in mycelial networks of Phanerochaete velutina formed when mycelium from a single inoculum had colonized a number of separate cellulose filter paper resources and formed cords between them (36) . Simultaneous bidirectional translocation in cords of Hypholoma fasciculare was demonstrated by double labeling with 32 P and 33 P loaded at opposite ends of a corded mycelium (24) .
A system-wide coordinated sequence of changes was involved in the reallocation response triggered by capture of a fresh wood block, with import of amino acid occurring about 100 h after the mycelium of S. lacrymans first contacted the new resource. AIB was imported into the fresh wood resource by a global coordinated response of the network following initial colonization. Furthermore, in the more complex system translocation was revealed by PCSI to be highly dynamic, continuously distributing and reallocating AIB during the tracking period. The relative amounts of [ 14 C]AIB in the cords at the end of the imaging period (Fig. 4F) The results demonstrate for the first time that a mycelial network of a wood decay fungus responds to freshly colonized wood by importing a significant proportion of its total nitrogen resources. In ecosystems, import of nitrogen by saprotrophic decomposer fungi in the decomposer subsystem of the upper soil horizons can facilitate decomposition of nitrogen-poor lignocellulosic plant remains (10) . Fungal N translocation can increase cellulolysis that is otherwise N limited (38) . The mycelium of woodland fungi can hold ecologically significant proportions of available soil nitrogen (41) , and the extent to which this is imported into lignocellulosic plant remains on the soil surface may influence ecosystem carbon budgets. Cord-forming wood decay fungi may thus act as a link between carbon release and nitrogen dynamics in ecosystems (25, 35, 41) . The high proportion of free amino acid retained within the mycelial cords (Table 1) is consistent with previous work (22) which showed that basidiomycetes accumulate amino acids from the environment in excess of immediate metabolic requirements and store them in the expandable free amino pool and in protein (37) .
AIB is believed to follow the same translocation path as protein amino acids, because it is accumulated in the free amino acid pool and moves at rates comparable with those of other radiolabeled nutrients (16) . The physiological mechanism of the translocation stream of fungi is poorly understood (5) but appears to transport a wide range of nutrients and water by mass flow (14, 16, 33) . Imaging experiments with The mechanism of the amino acid reallocation response to a fresh carbon source is not known. A similar dynamic reallocation of phosphorus occurred in foraging mycelium of the forest floor wood decomposer Phanerochaete velutina, where phosphate labeled with 32 P was preferentially translocated within the cord system into the least-decayed, largest carbon resource out of several that the mycelium had colonized (13, 42) . The authors suggested that the network of cords carries a bidirectional translocation stream of nutrients, which are locally unloaded in response to local demand at sites of enhanced metabolism or growth. The results presented here are consistent with this interpretation. Hyphae in new wood blocks and at the mycelial margins represent the most metabolically active sites in the network, where nutrients are probably actively withdrawn into cytoplasm from the mass flow channel. The amounts of accumulation of AIB over long periods, as shown in Fig. 4 , do not reflect the pattern of localization of protein amino acids such as glutamate, because these are rapidly metabolized. However, the results illuminate the mechanism of amino acid translocation in fungal networks.
Accumulation of AIB at metabolically active sites suggests the local induction of an active amino acid transport process removing amino acid from the mass flow translocation stream in cords. A plasma membrane boundary or boundaries between cytoplasm and the mass flow pathway in cords have been inferred (5, 34) , but the cellular anatomy and position of the boundary between cytoplasmic and mass flow are still obscure (5) .
AIB as an inhibitor of mycelial extension thus appears to target the amino acid translocation that is a fundamental physiological adaptation in basidiomycete wood decay fungi. The results validate the use of AIB as a translocated systemic inhibitor of mycelial extension for controlling dry rot. Because it is rapidly translocated to sites of attack, where it stops further mycelial advance, AIB treatment is considered to be a suitable first step in controlling basidiomycete decay in buildings to limit spread through inaccessible parts of a building. It potentially acts as a "magic bullet," because it usurps the normal physiology of the fungus to reach hidden sites of growth and attack. In large buildings with endemic dry rot, embedded mycelia originating from separate spore infections probably fuse into extensive networks because of the widespread vegetative compatibility in S. lacrymans (17) (18) (19) . Our results show that AIB is rapidly translocated throughout complex, fused networks from a localized point of application. Inhibition of spread through masonry persists for months following application to infected wood (7). These results justify further investigation using extensive mycelium in buildings to establish the extent and durability of locally applied AIB inhibition of S. lacrymans. In historic conservation, AIB could prevent infection of valuable timber and cellulose materials in the vicinity of an outbreak, holding the spread of dry rot until the underlying damp conditions can be cured and reducing the need for destructive eradication treatment (4).
